We have investigated the two-electron dynamics of asymmetric doubly highly excited high angular momentum states in Sr interacting with a laser field. Even down to modest laser intensities the dominant fragmentation process is the photoionization of the inner electron. Analysis of the final ionic state reveals that the near-threshold ionization process is compatible with a time dependent screening of the nuclear charge on a time scale comparable to the orbit time of the outer electron. This is evidence of long-range dipolar correlation forces during the ionization process. PACS numbers: 32.80.Fb, 31.70.Hq, 32.80.Rm In the classic photoelectric effect the excess energy E of the photoelectron is related to the photon energy hn and the binding energy E b through the formula E hn 2 E b . Deviations from this simple formula occur at high light intensities when the light-matter interaction is nonlinear, giving rise to the absorption of additional photons by the photoelectron in the continuum (above threshold ionization [1] ). On the other hand, even at low light intensities, the photoelectron may exchange energy with the remaining multielectron ionic fragment, leaving the binding energy not uniquely defined. Examples of such multielectronic interaction are single-photon ionization with core excitation, single-photon double ionization [2] , and inner shell photoionization followed by Auger decay [3] . These processes lead to complicated photoelectron energy distributions, depending on the detailed atomic structure. Finally, both nonlinear light matter interaction and electron correlation effects are present in the simultaneous multiple ionization of atoms in strong laser fields [4], a process whose explanation is still under active investigation. In all of these cases, the central question is: how does the core relax? Typically, for photoionization of ground state atoms, the relaxation of the remaining core proceeds diabatically, i.e., with a rapid removal of the photoelectron. This leads to the application of perturbation methods ("sudden approximation") for the calculation of the final state distribution [5] .
We have investigated the two-electron dynamics of asymmetric doubly highly excited high angular momentum states in Sr interacting with a laser field. Even down to modest laser intensities the dominant fragmentation process is the photoionization of the inner electron. Analysis of the final ionic state reveals that the near-threshold ionization process is compatible with a time dependent screening of the nuclear charge on a time scale comparable to the orbit time of the outer electron. This is evidence of long-range dipolar correlation forces during the ionization process. In the classic photoelectric effect the excess energy E of the photoelectron is related to the photon energy hn and the binding energy E b through the formula E hn 2 E b . Deviations from this simple formula occur at high light intensities when the light-matter interaction is nonlinear, giving rise to the absorption of additional photons by the photoelectron in the continuum (above threshold ionization [1] ). On the other hand, even at low light intensities, the photoelectron may exchange energy with the remaining multielectron ionic fragment, leaving the binding energy not uniquely defined. Examples of such multielectronic interaction are single-photon ionization with core excitation, single-photon double ionization [2] , and inner shell photoionization followed by Auger decay [3] . These processes lead to complicated photoelectron energy distributions, depending on the detailed atomic structure. Finally, both nonlinear light matter interaction and electron correlation effects are present in the simultaneous multiple ionization of atoms in strong laser fields [4] , a process whose explanation is still under active investigation. In all of these cases, the central question is: how does the core relax? Typically, for photoionization of ground state atoms, the relaxation of the remaining core proceeds diabatically, i.e., with a rapid removal of the photoelectron. This leads to the application of perturbation methods ("sudden approximation") for the calculation of the final state distribution [5] .
In the photoionization of excited atoms the same considerations apply. In the first experiments [6] [7] [8] [9] , Rydberg states of Ba were prepared and exposed to intense ps or fs laser pulses. Ionization of the inner valence electron is observed if the laser pulse duration is short compared to the round-trip time of the outer electron. Assuming an instantaneous removal of the inner electron, i.e., that the core charge seen by the outer electron changes suddenly from Z 1 to Z 2, the final ionic state distribution of the remaining electron can be reproduced by a "shake" model, projecting the initial wave function of the outer Rydberg electron onto final ionic states.
In this Letter we present the first evidence of nondiabatic phenomena in the photoionization of two electron systems. We investigate single ionization of doubly excited alkaline earth atoms by a laser photon. The results allow insights into both the relaxation in time of the remaining ion and the correlated electron dynamics, i.e., the energy exchange between the remaining bound Rydberg electron and the escaping photoelectron. These investigations are made possible by the observation that for special doubly excited states with both electrons in high ᐉ states the autoionization rate is very small. Therefore the laser-induced one-photon photoionization rate of the inner electron becomes dominant at laser intensities at about 10 6 W͞cm 2 . This is almost 5 orders of magnitude lower than, e.g., in the experiment of Stapelfeld et al. [6] . At such low laser intensitites, photoionization of the outer Rydberg electron is negligible. Our main result comes from the observation of the characteristic distribution of the final ionic Rydberg states. This distribution reveals a time dependent screening of the core charge for the remaining electron. It arises from the fact that the excess energy of the escaping electron is only slightly above the threshold. Thus there is enough time during the ionization process to allow for energy and angular momentum exchange between the outgoing electron and the remaining, highly excited ion. This leads to a strong polarization of the remaining ionic charge density distribution, which gives rise to dipolar (non-Coulombic) interaction in the continuum. Effects of such a long-range dipolar interelectronic interaction have previously been observed in the internal structure of bound two-electron systems [10, 11] ; they are found here also in the fragmentation process, i.e., in systems in which an electron is escaping. We will show that a time dependent picture is needed to describe quantitatively the observed final ionic state distributions.
Doubly excited states close to the double ionization continuum are ideally suited to observe correlated twoelectron dynamics in external laser fields. In Ref. [12] , e.g., Cohen et al. reported first evidence of a direct one-photon double ionization of planetary states. Here, we investigate doubly excited Rydberg states in the vicinity of the N 5 threshold of Sr 1 , approximately 2 eV below the double ionization continuum. The preparation of these states follows the well-established sequential resonant multiphoton excitation scheme [10, 13] .
The strontium atoms are first excited with two excimer laser pumped dye lasers from the Sr͑5s 2 ͒ ground state via an intermediate resonance to a Sr͑5sn 2 ᐉ 2 ͒ Rydberg state in the presence of a "Stark switching" field, which allows one to select a high angular momentum ᐉ 2 for the first (outer) electron [14] . About 1.5 ms after the excitation of the first (outer) electron (giving enough time for adiabatic switch-off of the Stark field to zero), three more dye lasers, pumped by a second excimer laser, intersect the Sr ‫ء‬ beam. Lasers three and four excite the second (inner) valence electron via the 5p 3͞2 n 2 ᐉ 2 to the 5d 5͞2 n 2 ᐉ 2 resonances. The strongest fifth laser (1 mJ pulse energy, much larger than the approximately 10 mJ pulse energy of the first four lasers) excites the atom further to the 5fnᐉ͞5gn 0 ᐉ 0 series. Thus, the fifth laser is used both to prepare the autoionizing state and to photoionize it. Approximately 200 ns after the fifth laser, a detection field pulse (20 ns rise time, up to 12 kV͞cm) is applied to the interaction region. Depending on its amplitude, it may field ionize the ionic Rydberg states to Sr 21 , and it pushes them towards a time-of-flight detector. applied field strength, whereas the signal for resonances above this threshold is unchanged.
To explain this behavior we must compare the rates for autoionization and for photoionization by the fifth laser.
(i) If the doubly excited atom autoionizes, the ion is left in a low excited state which cannot be efficiently photoionized with the present lasers or field ionized with accessible detection field strength. This holds for initial states below the Sr 1 5f threshold. For the 5gn 0 ᐉ 0 resonances above the Sr 1 5f limit, however, the autoionization process leaves the ion to a large amount in the Sr [8, 12] , the inner electron in our case is photoionized by a single photon since it is already in an excited state. Since the autoionization rate scales with the principal quantum number as n 23 , preferentially the higher Rydberg states of the 5fnᐉ series are sufficiently long lived to absorb an additional photon. This photoionization process can be unambiguously detected for resonances below the Sr 1 5f continuum by field ionizing the remaining ionic state. The competing autoionization process, discussed in the previous paragraph, leads to more deeply bound singly charged states, which are not detected in our experiment. Now, the question we address is to what extent the two electrons exchange energy and angular momentum during the photoionization process of the inner electron. By analyzing the final ionic state distribution, for a well-defined initial Rydberg state, we obtain a sensitive quantitative probe of the energy exchange.
We tune the laser to a particular 5fnᐉ resonance with 25 , n , 48 and measure the Sr 21 yield as a function of the detection field pulse strength. We use the classical field ionization formula F Z 3 ͞16N 4 (in a.u.), where Z 2 is the charge of the Sr 21 core, to deduce the principal quantum number N of the final ionic Rydberg state from the detection field strength F [15] . Figure 2 shows the final ionic state distributions for three different initial states 5fnᐉ. As a first attempt to interpret the data we recall the diabatic model. The probability jc Nᐉ j 2 of finding the ion in a specific Nᐉ state is given by the square of the overlap integral j͗nᐉ j Nᐉ͘j 2 of the initial and final wave function for the residual valence electron [16] . The maximum probability is obtained for those initial and final wave functions having similar radial expectation values. This is fulfilled for the final ionic principal quantum number N p 2 n. In our experiment, the ionic signal is composed of all ionic Rydberg states field ionized down to a lower limit for N given by the field strength of our detection field pulse. To compare with theory we have to sum up all 
to obtain the ion yield signal. The results are displayed in Fig. 2 (dashed-dotted curves) . We see that they are clearly not in accord with the experimental data points. The diabatic theoretical curves predict distributions centered around a too high N, and the shape of the threshold does not reflect the experimentally measured distribution, indicating the breakdown of the diabatic approximation. In order to explain the final ionic state distribution observed, we solve a time dependent radial Schrödinger equation [17] for the outer electron. We model the energy exchange by a time dependent effective core charge Z Z͑t͒ seen by the outer electron. We change Z͑t͒ linearly from 1 to 2 between t 0 and t t f . In the figures, we give the switch time t f in units of the classical orbital period of the electron in the initial Rydberg state t n 2pn 3 a.u. We do not consider the feedback of the outer electron on the escaping photoelectron. Our initial state is a Rydberg eigenstate with quantum numbers n and ᐉ for the outer electron with Z 1, as it is prepared in the experiment. We solve the Schrödinger equation for different t f and obtain the coefficients of the final ionic ͑Z 2͒ state distribution by projecting the calculated final wave packet onto the ionic eigenstates.
An example of the final radial wave function and the ionic state distribution, for t f t n 3 3 10 5 a.u., is shown in Figs. 3(b) and 3(c) . The initial wave function, chosen as n 36, ᐉ 0, is shown in Fig. 3(a) . The results can be safely scaled between the large Rydberg quantum numbers, as shown by the results for n 20, superposed in Fig. 3(c) : The envelope of the probability distribution is unchanged. Summing over the distribution shown in Fig. 3(c) as in Eq. (1), the results of the calculation can be directly compared to the experimental data. Figure 2 shows that excellent agreement is achieved when we assume the core charge to change on a time scale of the orbital period of the outer electron. The ratio N͞n is roughly 1 for the most likely final ionic N state, indicating that the remaining electron is more tightly bound than expected from the diabatic shake model [18] .
Since the final ionic state distribution reflects directly the energy transferred to the escaping electron, we can alternately analyze our results in terms of an energy budget for the electrons. Let us first consider a classical isotropic (s-wave) model, where the charge of the electron is located on a spherical surface at a given radius. The potential for the escaping electron with radial coordinate r 1 is
while the outer electron is fixed at a given r 0 . Solving the classical equation of motion for the inner electron, we obtain the energy transferred from the remaining electron (at r r 0 ) to the photoelectron. We note that in this case the screening changes completely diabatically. In the calculation the inner electron starts at r 1 25 a.u., the outer classical turning point of the Sr 1 5f state, with an initial velocity y i of about 0.40 a.u. as given by the experimental condition E y
where E b is the binding energy of the inner electron (ignoring the outer electron) and hn is the photon energy of the ionizing laser. The energy transfer to the photoelectron, at the expense of an increased binding energy of the remaining ionic Rydberg electron, can be expressed in terms of the ratio N͞n, which can be compared to the experimental results. For r 0 1.5n 2 , which is the radial expectation value for low ᐉ states, we find the ratio N͞n 1.32, while for r 0 2n 2 , the classical outer turning point, we find N͞n 1.42, corresponding to the most likely energy transfer associated with the shake model. However, in the experiment, as discussed above, we find the adiabatic ratio N͞n 1. As a first step beyond the isotropic s-wave model we add a dipole interaction term r 0 cos͑q ͒͞r 2 1 to the potential V ͑r 1 ͒ for r 1 . r 0 , where q is the angle between the position vectors of the two electrons. We obtain N͞n 1 if we set q 0 in the dipole term and neglect any further angular dependence. This result implies that the angular interaction is necessary to explain the experimental observations. The escaping electron polarizes the remaining electron-ion subsystem forming an extreme Stark state. The resulting dipole is oriented with both electrons on the same side of the nucleus to account for the large energy transfer. Such configurations are known to exist as a special class of doubly excited states [19] .
We note that the time it takes for the inner electron to pass the outer at its radial expectation value, based on a classical calculation, is a factor of 10 shorter than the orbital period of the outer electron. However, the critical radius r c , beyond which the long-range correlations can no longer mix the ionic N states, is given by r c p 3N 5 ͞8 [20] . This increases the effective interaction time up to a factor of 5, thus restoring the adiabatic nature of the ionization process. Thus, the adiabatic screening is the result of a long-range correlation acting during the escape of the ionizing inner electron.
In summary, we have analyzed the fragmentation dynamics of doubly excited states in a weak laser field. Direct autoionization decay is strongly reduced over a wide range of initial states and therefore, even at modest laser intensities, the dominant process is the photoionization of the "inner" electron, followed by a readjustment of the outer electron in highly excited ionic states. We have obtained the ionic final state distribution from field ionization. The high density of Rydberg states allows a detailed analysis of the energy redistribution due to the interelectronic interaction between the outgoing photoelectron and the highly polarizable wave function of the remaining Rydberg electron during the ionization process. The process can be quantitatively explained with a time dependent model, where the energy exchange between the electrons is reduced to a time dependent effective core charge experienced by the remaining electron. This provides evidence for longrange time dependent correlation forces during the ionization process which may be explained through a mechanism similar to "postcollision interaction" [21, 22] , but with the additional inclusion of long-range dipolar interactions (angular momentum exchange) in the continuum.
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